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One of the key issues in unraveling the mystery of high TC superconductivity in the 
cuprates is to understand the normal state outside the superconducting dome. Here we 
perform scanning tunneling microscopy and spectroscopy measurements on a heavily 
overdoped, non-superconducting (Bi,Pb)2Sr2CuO6+δ cuprate. Spectroscopic imaging 
reveals dispersive quasiparticle interferences and the Fourier transforms uncover the 
evolution of momentum space topology. More interestingly, we observe nanoscale patches 
of static charge order with √𝟐 × √𝟐  periodicity. Both the dispersive quasiparticle 
interference and static charge order can be qualitatively explained by theoretical 
calculations, which reveal the unique electronic structure of strongly overdoped cuprate. 
 
 The superconducting (SC) state of high TC cuprates exists within a “dome” in the phase 
diagram and disappears both in the severely underdoped and heavily overdoped limits. Because 
the cuprates are widely believed to be doped Mott insulators [1], the underdoped regime near 
the parent compound has been extensively studied by various experimental techniques, which 
have revealed highly unusual phenomena such as the pseudogap phase [2] and complex 
charge/spin orders [3-14]. On the contrary, the heavily overdoped regime is much less explored 
because it is generally considered to be a rather conventional Fermi liquid (FL) state. This point 
has been illustrated by the crossover from a non-FL-like linear temperature (T) dependent 
resistivity at optimal doping to the T2 dependent resistivity characteristic of Landau FL in the 
heavily overdoped regime [15-19], as well as quantum oscillation experiments revealing a 
single hole-like Fermi surface (FS) [20, 21]. Because the physics of the FL is well-understood, 
the heavily overdoped limit can actually serve as another valid starting point, presumably more 
accessible than the Mott insulator limit, for understanding the origin of superconductivity in 
cuprates. 
Previous experiments on overdoped cuprates have revealed a number of important features 
regarding the electronic structure. Angle-resolved photoemission spectroscopy (ARPES) 
shows a FS topology transition from a (π,π)-centered hole-like pocket to a (0,0)-centered 
electron-like pocket [22-24]. In single band tight binding model [25, 26], the change of FS 
topology in two-dimension should be accompanied by a logarithmic divergence of electron 
density of states (DOS) known as the Van Hove singularity (VHS) [27]. Recent scanning 
tunneling microscopy (STM) experiments provide direct evidence for VHS in heavily 
overdoped cuprate, as well as the existence of pseudogap [26]. However, it is still unclear what 
the main difference is, from the electronic structure and electronic order point of view, between 
the FL and SC states across the phase boundary in the overdoped side. Especially, the charge 
order phenomenon, which is ubiquitous in underdoped cuprates and entangles intricately with 
superconductivity [7, 28-30], has been mostly neglected in the heavily overdoped non-SC 
regime of the phase diagram. 
In order to elucidate the electronic structure and electronic order in the overdoped regime 
outside the SC dome, here we perform STM studies on a heavily overdoped, non-SC Bi2-
 xPbxSr2CuO6+δ (Pb-Bi2201) cuprate. Tunneling spectroscopy reveals the VHS feature and its 
evolution into the pseudogap phase, and the dispersive quasiparticle interference (QPI) patterns 
reveal the change of FS topology. More remarkably, we observe nanoscale patches of static 
charge orders with √2 × √2  periodicity. The possible origin of the charge order and its 
implications to the superconductivity will be discussed. 
 
Results 
Spatially resolved tunneling spectroscopy. 
The Pb doped Bi2201 is chosen because it can be overdoped into the non-SC regime and 
has an ideal cleaved surface. High-quality Pb-Bi2201 single crystals are grown by the traveling 
solvent floating zone method and the TC of the as-grown sample is about 3 K [31]. The non-
SC sample studied in this work is obtained by annealing the as-grown sample in high pressure 
O2 (~ 80 atm) at 500 °C for 7 days to further increase the hole density. It exhibits no sign of 
superconductivity down to 2 K. Figure 1(a) depicts the schematic electronic phase diagram, 
and the red arrow shows the approximate location of the non-SC sample. The Pb-Bi2201 crystal 
is cleaved in the ultrahigh vacuum chamber at T = 77 K, and is then transferred into the STM 
chamber with the sample stage cooled to T = 5 K. STM topography is taken in the constant 
current mode with an electro-chemically etched tungsten tip, which has been treated and 
calibrated on a clean Au(111) surface [32]. The dI/dV (differential conductance) spectra are 
collected by using a standard lock-in technique with modulation frequency f = 423 Hz. All the 
data reported here are taken at T = 5 K. 
Shown in Fig. 1(b) is the exposed (Bi,Pb)O surface topography of a non-SC sample, which 
shows a regular square lattice. The structural supermodulation usually observed in Bi-based 
cuprates is suppressed by Pb doping [28, 33]. Around 13% of the atomic sites are bright spots, 
which is consistent with the 12.2% Pb substitution of Bi determined by the sample growth 
condition [28, 33]. There are spatial inhomogeneities with typical size around a few nanometers, 
which presumably result from the non-uniform distribution of local hole density [34, 35]. 
 The local electronic structure is probed by dI/dV spectroscopy, which is approximately 
proportional to the electron DOS. Figure 1(c) displays a series of representative spectra taken 
at various locations indicated by the corresponding colored dots in Figure 1(b). The spectra 
exhibit significant but yet systematic variations. Roughly speaking there are two types of 
spectra, one with a prominent peak near the Fermi energy (EF) and the other with a DOS 
suppression around EF that is reminiscent of the pseudogap. In Fig. 1(d) we show that the peaks 
in dI/dV can be fitted well by a simple function a + b log |E-EVHS| with EVHS denoting the peak 
position, which is consistent with the spectrum due to the presence of VHS [36]. The spectra 
with DOS suppression are quite similar to that in OD cuprate with lower hole density in the 
overdoped SC regime [37, 38]. The spatially averaged dI/dV spectrum in Fig. 1(e) exhibits a 
DOS peak around EF, revealing that statistically the dominant spectral feature in this sample is 
the VHS-type. The spatial variations of the spectra reflect that the VHS-type spectra gradually 
evolve into the pseudogap-type with reduced doping, which is consistent with the expected 
band structure evolution of overdoped cuprates. 
The dI/dV maps and dispersive QPI patterns. 
Next we will focus on the electronic structure and electronic order in this sample. Figures 
2(a)-(c) display three representative dI/dV maps measured at three different sample biases, Vb 
= 40 mV, -10 mV and -60 mV on the same field of view as Fig. 1(b). The different spatial 
patterns at different energies indicate the existence of strong dispersions due to the quantum 
interference of coherent quasiparticles, or QPI [39, 40]. Figures 2(d) to 2(f) display the Fourier 
transform (FT) maps of the three dI/dV maps, in which the four sharp Bragg peaks with lattice 
wavevector q0 = 2π/a0 (a0 is the lattice constant) can be used to extract the QPI wavevector q. 
With varied energies, the main changes of the FT-QPI patterns occur along the antinodal 
direction pointing to the lattice Bragg peaks. The two antinodal QPI branches gradually merge 
together with decreasing bias voltage (Fig. 2(e)), develop a closed pocket centered at (0, 0), 
and then shrink further with lowering energy. The overall energy dependence of the QPI 
patterns are similar to that in an overdoped Bi2201 with TC = 15 K reported previously [38]. 
    The calculated QPI patterns (Figs. 2(g)-(i)) and constant energy contours (CECs) in the 
 momentum space (Figs. 2(j)-(l)) are presented. The QPI patterns are calculated from a minimal 
tight-binding model following previous works [39-44]. The generalized T-matrix formalism is 
used to get the local density of states (LDOS) in the presence of impurities, and the QPI pattern 
is calculated as the power spectrum of the LDOS. The representative CEC and corresponding 
QPI pattern is calculated by tuning the energy (or bias voltage in the STM experiments). With 
decreasing bias voltage, the CEC evolves from hole pocket around zone corner to VHS at a 
saddle point at (π, 0) resembling Fig. 1(d), and finally to an electron pocket around the zone 
center. The QPI patterns calculated by the octat model based on these CECs agree well with 
the experimental ones at these energies. The energy dependent CEC topology transition has the 
same trend as the hole-concentration dependent FS topology transition detected by ARPES in 
overdoped Pb-Bi2201 [23]. 
The static √𝟐 × √𝟐 charge order structure. 
In addition to the dispersive QPI features, a more important, and totally unexpected feature 
revealed by the dI/dV maps are the existence of non-dispersive structure when we examine the 
low energy dI/dV maps. As displayed by the dashed squares in Fig. 3(a), the DOS map at zero 
bias exhibits nanoscale patches of short-range charge orders with a 45-degree rotation with 
respect to the atomic lattice. This feature has never been observed in cuprates before [7, 26, 29, 
38]. The dI/dV maps obtained at different bias energies indicate that the charge order is more 
pronounced around EF, and is visible over the entire energy range. To inspect its fine structures, 
we show in Figs. 4(b) and 4(c) the zoomed-in topographic and dI/dV maps acquired at Vb = 0 
mV on the area enclosed by the green dashed square in Fig. 3(a). It is clearly illustrated from 
the comparison of these two maps that the charge order locally imposes a commensurate √2 ×
√2  superstructure on the original atomic lattice. Moreover, the charge order patterns of 
different patches in Fig. 3(a) do not align with each other. The lack of long-range order indicates 
that the charge order may be affected by local impurities or inhomogeneous distribution of hole 
concentration. 
We gain more insight into the charge order by investigating its dependence on the bias 
voltage. Depicted in Figs. 4(d)-4(g) are the dI/dV maps of a small charge ordered patch (marked 
 by the red dashed square in Figs. 4(b) and 4(c)) acquired at Vb = 0 mV, -5 mV, -10 mV and -20 
mV, demonstrating that this charge order keeps a commensurate periodicity without any 
dispersion within the energy range from -20 mV to 0 mV. This suggests that the √2 × √2 
pattern is a static charge order, in sharp contrast to the dispersive QPI patterns. 
 
Discussion 
Previous STM studies in underdoped cuprates have revealed the ubiquitous existence of 
charge order with wavevector around 4 a0 along the Cu-Cu bond direction [7, 30]. However, 
the √2 × √2 charge order reported here has never been observed before in cuprates. In fact, 
the issue of charge order in heavily overdoped cuprates has been mostly neglected so far, and 
previous study on an overdoped Bi2201 with TC = 15 K did not observe such charge order [38]. 
Therefore, the √2 × √2 charge order could be a unique feature of the non-SC regime of the 
cuprate phase diagram, and may reveal key information regarding how superconductivity is 
suppressed by strong overdoping. The main questions regarding the observed charge order are 
its origin and implications to the SC phase. Below we present a possible mechanism to account 
for the √2 × √2 charge order in the strongly overdoped regime.  
A likely cause for the charge order is the competition between onsite Coulomb repulsion 
U and nearest-neighbor interaction V, in combination with the proximity to the VHS. In the 
simplest classical picture, or if the kinetic energy of electrons is neglected, the potential energy 
per site for the √2 × √2  charge configuration in Fig. 4(a) is: 
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and 𝛿 is the charge modulation. If V > U/4, it becomes energetically favorable for 𝛿 to be 
nonzero, resulting in the √2 × √2 charge order. This classical transition applies to a system 
with flat band (with infinite mass). In the realistic system, however, quantum fluctuations from 
itinerant electrons may melt the charge order near the classical transition point. To take 
 quantum fluctuations into account, we perform functional renormalization group (FRG) 
calculations [43, 44] for an overdoped cuprate with the normal state FS shown in Fig. 4(b). The 
red arrow indicates scattering between the VHS saddle points, yielding logarithmically 
diverging susceptibilities at the momentum related to the √2 × √2 density wave if U < 4V (or 
V > U/4). The saddle points can also lead to double-logarithmically diverging susceptibilities 
in the singlet-pairing channel. Such effects combined with the interactions are included and 
treated on equal footing in FRG method. The model has been extensively discussed in the 
literature but mainly for Hubbard interaction only [45, 46]. Here we are interested in the 
proximity to the CDW phase, hence we further include a nearest-neighbor repulsion V. Figure 
4(c) displays the energy scale c/t (representative of transition temperature) for the various 
orders as a function of V for a fixed U = 3t, where t is the nearest-neighbor hopping integral 
(we also include a next-nearest hopping 𝑡′ = −0.3𝑡). We find that the key factor determining 
which phase is realized is the ratio V/U, and thanks to the proximity to the VHS the transition 
point is pushed only slightly above the classical limit V/U = 1/4. Below the transition point, the 
CDW becomes dynamic and such fluctuations are seen to drive an extended s-wave 
superconducting state. As V becomes even smaller, the previous studies [45, 46] show d-wave 
pairing becomes the leading order. The question is whether V/U can reach and go beyond the 
transition point. Recent X-ray absorption spectra [47] show that with increasing doping the 
doped holes start entering the Cu 3d states, hence the effective local U decreases (while the 
longer-ranged V is less influenced). Therefore, the √2 × √2 CDW phase is expected to be 
realized in the overdoped regime, in consistency with the experimental observation. 
In summary, STM experiments on a strongly overdoped non-SC Bi-2201 reveal the 
existence of dispersive quasiparticle interference patterns and nanoscale patches of static √2 ×
√2 charge order, which illustrate the distinct electronic structure of the heavily overdoped 
regime. We provide a theoretical model and FRG calculations for the charge order in terms of 
enhanced nearest-neighbor Coulomb repulsion V versus the local Hubbard repulsion U, as well 
as the proximity to the VHS. These results shed important new lights on the unique electronic 
structure and electronic order in strongly overdoped cuprates.  
 References: 
[1] Lee P A, Nagaosa N and Wen X G 2006 Doping a Mott insulator: Physics of high-temperature 
superconductivity Rev Mod Phys 78 17-85 
[2] Timusk T and Statt B 1999 The pseudogap in high-temperature superconductors: an experimental survey 
Rep Prog Phys 62 61-122 
[3] Tranquada J M, Sternlieb B J, Axe J D, Nakamura Y and Uchida S 1995 Evidence for Stripe Correlations 
of Spins and Holes in Copper-Oxide Superconductors Nature 375 561-3 
[4] Aeppli G, Mason T E, Hayden S M, Mook H A and Kulda J 1997 Nearly singular magnetic fluctuations 
in the normal state of a high-T-c cuprate superconductor Science 278 1432-5 
[5] Lake B, Aeppli G, Clausen K N, McMorrow D F, Lefmann K, Hussey N E, Mangkorntong N, Nohara 
M, Takagi H, Mason T E and Schroder A 2001 Spins in the vortices of a high-temperature superconductor 
Science 291 1759-62 
[6] Hoffman J E, Hudson E W, Lang K M, Madhavan V, Eisaki H, Uchida S and Davis J C 2002 A four unit 
cell periodic pattern of quasi-particle states surrounding vortex cores in Bi2Sr2CaCu2O8+delta Science 295 
466-9 
[7] Hanaguri T, Lupien C, Kohsaka Y, Lee D H, Azuma M, Takano M, Takagi H and Davis J C 2004 A 
'checkerboard' electronic crystal state in lightly hole-doped Ca2-xNaxCuO2Cl2 Nature 430 1001-5 
[8] Vershinin M, Misra S, Ono S, Abe Y, Ando Y and Yazdani A 2004 Local ordering in the pseudogap state 
of the high-T-c superconductor Bi2Sr2CaCu2O8+delta Science 303 1995-8 
[9] Wu T, Mayaffre H, Kramer S, Horvatic M, Berthier C, Hardy W N, Liang R X, Bonn D A and Julien M 
H 2011 Magnetic-field-induced charge-stripe order in the high-temperature superconductor YBa2Cu3Oy 
Nature 477 191-4 
[10] Chang J, Blackburn E, Holmes A T, Christensen N B, Larsen J, Mesot J, Liang R X, Bonn D A, Hardy 
W N, Watenphul A, von Zimmermann M, Forgan E M and Hayden S M 2012 Direct observation of 
competition between superconductivity and charge density wave order in YBa2Cu3O6.67 Nat Phys 8 871-
6 
[11] Ghiringhelli G, Le Tacon M, Minola M, Blanco-Canosa S, Mazzoli C, Brookes N B, De Luca G M, 
Frano A, Hawthorn D G, He F, Loew T, Sala M M, Peets D C, Salluzzo M, Schierle E, Sutarto R, 
Sawatzky G A, Weschke E, Keimer B and Braicovich L 2012 Long-Range Incommensurate Charge 
Fluctuations in (Y,Nd)Ba2Cu3O6+x Science 337 821-5 
[12] Comin R, Frano A, Yee M M, Yoshida Y, Eisaki H, Schierle E, Weschke E, Sutarto R, He F, 
Soumyanarayanan A, He Y, Le Tacon M, Elfimov I S, Hoffman J E, Sawatzky G A, Keimer B and 
Damascelli A 2014 Charge Order Driven by Fermi-Arc Instability in Bi2Sr2-xLaxCuO6+delta Science 343 
390-2 
[13] Tabis W, Li Y, Le Tacon M, Braicovich L, Kreyssig A, Minola M, Dellea G, Weschke E, Veit M J, 
Ramazanoglu M, Goldman A I, Schmitt T, Ghiringhelli G, Barisic N, Chan M K, Dorow C J, Yu G, Zhao 
X, Keimer B and Greven M 2014 Charge order and its connection with Fermi-liquid charge transport in 
a pristine high-Tc cuprate Nat Commun 5 
[14] Hucker M, Christensen N B, Holmes A T, Blackburn E, Forgan E M, Liang R X, Bonn D A, Hardy W N, 
Gutowski O, von Zimmermann M, Hayden S M and Chang J 2014 Competing charge, spin, and 
superconducting orders in underdoped YBa2Cu3Oy Phys Rev B 90 020501 
[15] Ando Y and Murayama T 1999 Nonuniversal power law of the Hall scattering rate in a single-layer 
cuprate Bi2Sr2-xLaxCuO6 Phys Rev B 60 R6991-R4 
[16] Proust C, Boaknin E, Hill R W, Taillefer L and Mackenzie A P 2002 Heat transport in a strongly 
 overdoped cuprate: Fermi liquid and a pure d-wave BCS superconductor Phys Rev Lett 89 147003 
[17] Plate M, Mottershead J D, Elfimov I S, Peets D C, Liang R, Bonn D A, Hardy W N, Chiuzbaian S, Falub 
M, Shi M, Patthey L and Damascelli A 2005 Fermi surface and quasiparticle excitations of overdoped 
Tl2Ba2CuO6 + delta Phys Rev Lett 95 077001 
[18] Abdel-Jawad M, Kennett M P, Balicas L, Carrington A, Mackenzie A P, McKenzie R H and Hussey N E 
2006 Anisotropic scattering and anomalous normal-state transport in a high-temperature superconductor 
Nat Phys 2 821-5 
[19] Le Tacon M, Minola M, Peets D C, Sala M M, Blanco-Canosa S, Hinkov V, Liang R, Bonn D A, Hardy 
W N, Lin C T, Schmitt T, Braicovich L, Ghiringhelli G and Keimer B 2013 Dispersive spin excitations 
in highly overdoped cuprates revealed by resonant inelastic x-ray scattering Phys Rev B 88 020501 
[20] Vignolle B, Carrington A, Cooper R A, French M M J, Mackenzie A P, Jaudet C, Vignolles D, Proust C 
and Hussey N E 2008 Quantum oscillations in an overdoped high-Tc superconductor Nature 455 952-5 
[21] Bangura A F, Rourke P M C, Benseman T M, Matusiak M, Cooper J R, Hussey N E and Carrington A 
2010 Fermi surface and electronic homogeneity of the overdoped cuprate superconductor 
Tl2Ba2CuO6+delta as revealed by quantum oscillations Phys Rev B 82 140501 
[22] Takeuchi T, Yokoya T, Shin S, Jinno K, Matsuura M, Kondo T, Ikuta H and Mizutani U 2001 Topology 
of the fermi surface and band structure near the fermi level in the Ph-doped Bi2Sr2CuO6+delta 
superconductor J Electron Spectrosc 114 629-34 
[23] Kondo T, Takeuchi T, Yokoya T, Tsuda S, Shin S and Mizutani U 2004 Hole-concentration dependence 
of band structure in (Bi,Pb)2(Sr,La)2CuO6+δ determined by the angle-resolved photoemission 
spectroscopy J Electron Spectrosc 137-140 663-8 
[24] Yang K, Xie B P, Shen D W, Zhao J F, Ou H W, Wei J, Wang S, Wang Y H, Lu D H, He R H, Arita M, 
Qiao S, Ino A, Namatame H, Taniguchi M, Xu F Q, Kaneko N, Eisaki H and Feng D L 2006 Normal-
state electronic structure in the heavily overdoped regime of Bi1.74Pb0.38Sr1.88CuO6+δ single-layer cuprate 
superconductors: An angle-resolved photoemission study Phys Rev B 73 144507 
[25] Hashimoto M, Yoshida T, Yagi H, Takizawa M, Fujimori A, Kubota M, Ono K, Tanaka K, Lu D H, Shen 
Z X, Ono S and Ando Y 2008 Doping evolution of the electronic structure in the single-layer cuprate 
Bi2Sr2−xLaxCuO6+δ: Comparison with other single-layer cuprates Phys Rev B 77 094516 
[26] Piriou A, Jenkins N, Berthod C, Maggio-Aprile I and Fischer O 2011 First direct observation of the Van 
Hove singularity in the tunnelling spectra of cuprates Nat Commun 2 221 
[27] Storey J G, Tallon J L and Williams G V M 2007 Saddle-point van Hove singularity and the phase 
diagram of high-Tc cuprates Phys Rev B 76 174522 
[28] Wise W D, Boyer M C, Chatterjee K, Kondo T, Takeuchi T, Ikuta H, Wang Y and Hudson E W 2008 
Charge-density-wave origin of cuprate checkerboard visualized by scanning tunnelling microscopy Nat 
Phys 4 696-9 
[29] Neto E H D, Aynajian P, Frano A, Comin R, Schierle E, Weschke E, Gyenis A, Wen J S, Schneeloch J, 
Xu Z J, Ono S, Gu G D, Le Tacon M and Yazdani A 2014 Ubiquitous Interplay Between Charge Ordering 
and High-Temperature Superconductivity in Cuprates Science 343 393-6 
[30] Cai P, Ruan W, Peng Y, Ye C, Li X, Hao Z, Zhou X, Lee D-H and Wang Y 2016 Visualizing the evolution 
from the Mott insulator to a charge-ordered insulator in lightly doped cuprates Nat Phys  
[31] Peng Y, Meng J, Mou D, He J, Zhao L, Wu Y, Liu G, Dong X, He S, Zhang J, Wang X, Peng Q, Wang Z, 
Zhang S, Yang F, Chen C, Xu Z, Lee T K and Zhou X J 2013 Disappearance of nodal gap across the 
insulator-superconductor transition in a copper-oxide superconductor Nat Commun 4 2459 
[32] Ye C, Cai P, Yu R, Zhou X, Ruan W, Liu Q, Jin C and Wang Y 2013 Visualizing the atomic-scale 
 electronic structure of the Ca2CuO2Cl2 Mott insulator Nat Commun 4 1365 
[33] Zeljkovic I, Main E J, Williams T L, Boyer M C, Chatterjee K, Wise W D, Yin Y, Zech M, Pivonka A, 
Kondo T, Takeuchi T, Ikuta H, Wen J, Xu Z, Gu G D, Hudson E W and Hoffman J E 2012 Scanning 
tunnelling microscopy imaging of symmetry-breaking structural distortion in the bismuth-based cuprate 
superconductors Nat Mater 11 585-9 
[34] Pasupathy A N, Pushp A, Gomes K K, Parker C V, Wen J S, Xu Z J, Gu G D, Ono S, Ando Y and Yazdani 
A 2008 Electronic origin of the inhomogeneous pairing interaction in the high-Tc superconductor 
Bi2Sr2CaCu2O8+delta Science 320 196-201 
[35] Wise W D, Chatterjee K, Boyer M C, Kondo T, Takeuchi T, Ikuta H, Xu Z, Wen J, Gu G D, Wang Y and 
Hudson E W 2009 Imaging nanoscale Fermi-surface variations in an inhomogeneous superconductor 
Nat Phys 5 213-6 
[36] Vanhove L 1953 The Occurrence of Singularities in the Elastic Frequency Distribution of a Crystal Phys 
Rev 89 1189-93 
[37] Ma J H, Pan Z H, Niestemski F C, Neupane M, Xu Y M, Richard P, Nakayama K, Sato T, Takahashi T, 
Luo H Q, Fang L, Wen H H, Wang Z Q, Ding H and Madhavan V 2008 Coexistence of Competing Orders 
with Two Energy Gaps in Real and Momentum Space in the High Temperature Superconductor Bi(2)Sr(2-
x)La(x)CuO(6+delta) Physical Review Letters 101 
[38] He Y, Yin Y, Zech M, Soumyanarayanan A, Yee M M, Williams T, Boyer M C, Chatterjee K, Wise W D, 
Zeljkovic I, Kondo T, Takeuchi T, Ikuta H, Mistark P, Markiewicz R S, Bansil A, Sachdev S, Hudson E 
W and Hoffman J E 2014 Fermi surface and pseudogap evolution in a cuprate superconductor Science 
344 608-11 
[39] Wang Q-H and Lee D-H 2003 Quasiparticle scattering interference in high-temperature superconductors 
Phys Rev B 67 020511 
[40] Wang Q-H and Wang Z D 2004 Impurity and interface bound states in dx2−y2+idxy and px+ipy 
superconductors Phys Rev B 69 092502 
[41] Balatsky A V, Vekhter I and Zhu J-X 2006 Impurity-induced states in conventional and unconventional 
superconductors Rev Mod Phys 78 373-433 
[42] He R H, Hashimoto M, Karapetyan H, Koralek J D, Hinton J P, Testaud J P, Nathan V, Yoshida Y, Yao 
H, Tanaka K, Meevasana W, Moore R G, Lu D H, Mo S K, Ishikado M, Eisaki H, Hussain Z, Devereaux 
T P, Kivelson S A, Orenstein J, Kapitulnik A and Shen Z X 2011 From a Single-Band Metal to a High-
Temperature Superconductor via Two Thermal Phase Transitions Science 331 1579-83 
[43] Wang W-S, Xiang Y-Y, Wang Q-H, Wang F, Yang F and Lee D-H 2012 Functional renormalization group 
and variational Monte Carlo studies of the electronic instabilities in graphene near14doping Phys Rev B 
85 035414 
[44] Wang D, Wang W-S and Wang Q-H 2015 Phonon enhancement of electronic order and negative isotope 
effect in the Hubbard-Holstein model on a square lattice Phys Rev B 92 195102 
[45] Metzner W, Salmhofer M, Honerkamp C, Meden V and Schonhammer K 2012 Functional 
renormalization group approach to correlated fermion systems Rev Mod Phys 84 299-352 
[46] Husemann C and Salmhofer M 2009 Efficient parametrization of the vertex function, Omega scheme, 
and the t,t(') Hubbard model at van Hove filling Phys Rev B 79 195125 
[47] Chen C C, Sentef M, Kung Y F, Jia C J, Thomale R, Moritz B, Kampf A P and Devereaux T P 2013 
Doping evolution of the oxygen K-edge x-ray absorption spectra of cuprate superconductors using a 
three-orbital Hubbard model Phys Rev B 88, 134525 
 
 Acknowledgments This work is supported by NSFC and MOST of China. XJZ thanks 
financial support from the National Key Research and Development Program of China 
(2016YFA0300300) and the Strategic Priority Research Program b of the Chinese Academy of 
Sciences (Grant No. XDB07020300). 
 
 
 
 
Figure Captions 
 
Figure 1. Schematic phase diagram and STM results on the overdoped non-SC Pb-Bi2201. (a) 
The schematic electronic phase diagram of Bi-2201, and the red arrow indicates the 
approximate location of the sample studied here. (b) Atomically resolved topographic image 
acquired over an area of 350 × 350 Å2. (c) Representative dI/dV spectra taken at locations 
indicated in (b) by the colored dots. (d) The dI/dV spectrum with sharp VHS peak (black curve) 
can be fitted well by using the function a + b log |E-EVHS| with EVHS = 3.5 mV (red curve). (e) 
Spatially averaged spectrum of 256 × 256 dI/dV spectra measured in the area of (b). 
Figure 2. The dispersive QPI patterns and theoretical simulations. (a)-(c) The dI/dV maps 
measured in the area of Fig. 1(b) at three different bias voltages +40 mV (a), -10 mV (b), and 
-60 mV (c) respectively. (d)-(f) Fourier transforms of the dI/dV maps in Figs. 3(a)-3(c) showing 
the change of FS topology. The solid white circles indicate the Bragg peaks of the (Bi,Pb) 
atoms. (g)-(h) The calculated QPI patterns agree well with the STM data in Figs. 3(d)-3(f). (j)-
(l) CECs for the bias energies used in the theoretical simulations of QPI patterns. The CEC 
evolves from a (π, π)-centered hole-like pocket to a (0, 0)-centered electron-like pocket as the 
bias decreases. 
 Figure 3. The static charge order structure. (a) The dI/dV map measured in the area of Fig. 1(b) 
at the Fermi energy (zero bias). The yellow and green dashed squares indicate charge ordered 
patches. (b), (c) Atomically resolved topography and dI/dV map acquired over a 96 × 96 Å2 
area (green dashed square in (a)). Clear √2 × √2 charge order patches are observed in the 
white and red dashed squares. (d)-(g) The dI/dV maps of the red dashed area in (b) and (c) 
obtained at biases 0 mV (d), -5 mV (e), -10 mV (f), and -20 mV (g). The red dots indicate the 
same atom-position at different biases, demonstrating the lack of dispersion of the charge order. 
Figure 4. Theoretical calculations for the charge order. (a) Schematic drawing of a √2 × √2 
charge modulation. (b) The normal state FS used in the FRG calculations. The red arrow 
indicates the scattering between the VHS saddle points. (c) Theoretical phase diagram as a 
function of V/t for a fixed U = 3t, showing the evolution between the charge ordered and SC 
phases. 
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